The winter climate in northwestern Europe is commonly influenced by the North Atlantic Oscillation (NAO). Its intensity, expressed as an index (NAO i ), has been suggested for use in assessing nutrient leaching from arable land to water and the effects of mitigation measures. We found significant (p < 0.05) positive linear relationships between NAO i and an air freezingthawing index in central and southern Sweden for 2004 to 2016. This period covered winters with both extreme low and high NAO i . There were significant negative linear relationships between NAO i and a snow depth index. Management and nutrient leaching were studied simultaneously in two agricultural catchments (20.7 ha, code 11M; 788 ha, code M36) in southwestern Sweden. Catchments 11M (silty-clay soil) and M36 (sandy hills with a central, heavy clay plain) are both artificially drained. Total N and total P leaching increased significantly with winter (November-April) NAO i in both catchments. In contrast, leaching of dissolved reactive P (DRP) was not related to NAO i . The highest DRP concentrations were observed in connection with specific agricultural practices, whereas moderately elevated DRP concentrations were linked to snowmelt events. Concentrations of P in other forms (other P) were even more elevated (1.02 mg L −1 ) in 11M in winter 2014-2015, probably due to a large (32% of area) internal buffer (ley-fallow) in a central ravine being plowed down in autumn 2014. No general trend in P or N fertilization was found in catchment M36. Thus NAO i may be appropriate for use in trend analyses of nutrient load in the study region.
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Impact of the North Atlantic Oscillation on Swedish Winter Climate and Nutrient Leaching
Barbro Ulén,* Elisabet Lewan, Katarina Kyllmar, Maria Blomberg, and Stefan Andersson N utrient leaching from arable land located at high latitudes mainly occurs during high-flow conditions in winter (Rekolainen et al., 1995) . Snow cover, freeze-thaw, and snowmelt conditions are highly important for exports of P (Liu et al., 2013) and N (Wipf et al., 2015) from land to water, and for winter temperature (Brooks et al., 1999) . Beside long-term anthropogenic climate change, the North Atlantic Oscillation (NAO) has strong large-scale effects on the climate of the North Atlantic region (Hurell, 1995; Kingston et al., 2006) and may be fundamentally important for winter climate and water quality (e.g., by altering snow accumulation and soil frost). A coherent response to NAO in terms of water temperature and concentration of dissolved reactive P (DRP) has been demonstrated in European lakes (Blenckner et al., 2007) . In Scandinavia, NAO is generally expected to have its strongest effect on the climate of the west coast, whereas the lee side of the Scandes is protected from moist, warm western winds (Uvo, 2003 ). An index (NAO i ), based on surface sea level pressure difference between the Azores high and the subpolar low, expresses the intensity of NAO. This index is reported to be positively correlated to local precipitation and runoff to the sea on the Swedish west coast (Lindahl et al., 1998) . Temperature conditions at some sites in southernmost Sweden are also clearly related to NAO i (Chen and Hellström, 1999) .
A range of hydrochemical and biogeochemical indices need to be used when evaluating the transport and fate of P and N in agricultural catchments, since these nutrients are controlled by hydrochemical and biogeochemical processes (Bieroza et al., 2018) . It has been suggested that NAO i could be included in assessments of diffuse nutrient pollution from land to water, especially when assessing fertilization strategies intended to mitigate such pollution (Mellander et al., 2018) . Another factor requiring attention is delayed response in nutrient leaching by modifying the rate and timing of P and N fertilization to crop requirements over time. An estimated lag period of more than a decade between soil P balance being reached and reduced P leaching via drain systems has been demonstrated in a nested Swedish field, whereas in catchments receiving effluent from numerous single-household outlets, improvements in stream water P may take even longer (>18 yr) (Ulén et al., 2015) . Moreover, after two consecutive years with high loads of manure, enhanced concentrations of NO 3 -N in tile drains have been observed to take several years to return to the levels recorded before manuring (Ulén et al., 2014) . Hence, it is critically important to relate nutrient leaching to nonanthropogenic climate variations at sites that clearly respond to altered agricultural management, and also at sites that do not show a response.
The aims of this study were: (i) to study NAO i in relation to winter climate at agricultural sites in southern Sweden, and (ii) to relate winter NAO i to nutrient export from two small agricultural catchments on the coast of southwestern Sweden where agricultural practices have been carefully recorded.
Materials and Methods

The North Atlantic Oscillation Index and Climate in Winter
Monthly data on NAOi (https://www.noaa.gov) and data on daily or monthly air temperature, precipitation, and snow depth were obtained from national meteorological stations (SMHI, 2018) . Sites were selected to represent agriculture-dominated parts of western and eastern Sweden. Missing temperature and precipitation values in the time series were replaced by data from nearby meteorological stations. Missing daily snow depth data were estimated by interpolation from measured snow depth onsite, taking into account temperature and precipitation on the actual day. Winter leaching season was taken as the period of November to April, whereas yearly leaching was estimated in agrohydrological years from 1 July to 30 June (e.g., 2009 June (e.g., -2010 . First, long-term NAO i in the winter leaching season was compared with corresponding temperature and precipitation in an area in southwestern Sweden represented by the Barkåkra and Klippan meteorological stations (Fig. 1) , which have complete monthly time series of observations for the period of 1950 to 2016. Additional climate parameters were then compared in meteorological winters from 2004 to 2016, and at several meteorological stations.
Meteorological winter is defined here as the period between the first and last day with air temperature <0°C. Annual air freezing-thawing index (AFT i ) was calculated as the sum of daily temperature for all days warmer than 0°C minus the sum for days with temperature <0°C. A snow depth index was estimated as the sum of snow depths for all days with any snow cover. Daily NAO i in meteorological winters was estimated from monthly NAO i values. For a general overview of freezing soil depth in western and eastern Sweden, observed freezing soil depth and local snow depth at two military airports (Såtenäs and Uppsala; P. Löfwenberg, personal communication, 2018) were combined with data on snow depth and number of air temperature freezing-thawing cycles recorded at a nearby meteorological station. The Såtenäs and Uppsala sites both have silty soils on a clay base and are situated 3 and 10 km, respectively, from the nearest Swedish Meteorological and Hydrological Institute meteorological station. Freezing soil depth was measured according to Gandahl (1957) , commonly once or twice per week, and supplemented with daily values by interpolation as done for snow depth.
Catchment Characteristics, 2004 to 2016
Two small catchments (codes 11M and M36), located within a 15-km radius in southwestern Sweden (Fig. 1) , were monitored for agricultural practices (yearly farm survey) and nutrient leaching. The mini-catchment (20.7 ha) 11M consists of five artificially drained agricultural fields with drainage water collected at a small outlet. A central field, representing 32% of catchment area, is dominated by a concave ravine with sloping sides (³7%). The soil is silty-clay with low organic C content (2-3%, Table 1 ). Soil P status for all fields is rather low (Ulén et al., 2008). The most common crop rotation from 2004 to 2016 was two consecutive years with winter grain crops, followed by a 2-or 3-yr ley. No cattle grazed any part of the catchment, but cattle slurry was frequently applied to all crops in the rotation. There was no spring plowing, but slurry was incorporated by cultivator in early autumn for a spring crop, whereas plowing took place in November to December (Supplemental Table S1 ). Small amounts of mineral P and quite high amounts of mineral N were applied to all crops (Table 1 ). There are no residential houses within this small catchment.
Catchment M36 has sandy hills, loamy soils, and a central plain with clay soil (Kyllmar et al., 2014) . As in catchment 11M, the organic C content in the mineral soil is low (Table 1) . Nearly 90% of the entire catchment area is used for agriculture and is artificially drained. Water discharge at the outlet is higher than in catchment 11M, but flashiness is half as high (Table 1) . The proportion of leys and fallow in M36 is lower than in 11M, but there are also pastures that are rarely fertilized except by grazing cattle. Livestock density (0.3 animal units) is moderate. Leys, grazed pastures, and small areas under fallow occupy one-third of arable land. Winter crops (winter cereals and winter rape [Brassica napus L.]) are less common and cropping is more diverse than in catchment 11M (it includes fresh potatoes and vegetables, for example) (Table 1) . Phosphorus application is mainly as mineral Table 1 Other crops (peas in 11M) (%) 6 21
Mean application to all crops Total P with slurry, urine, solid manure (kg P ha ) in the period and mean manure production by dairy cows. † † Including grazed pastures. ‡ ‡ Only in the form of slurry, with 30% applied in spring; 50% was applied to leys, and 44% to winter wheat. § § 54% as slurry and 46% as solid manure. Slurry P was mostly (80%) applied in spring and commonly to leys, spring barley, and potatoes. ¶ ¶ Mineral P fertilizer applied four times to winter rape (28 kg P ha P, with a lower load of slurry and urine and, on average, a lower mineral N dose to crops than in catchment 11M. Nearly half (46%) of manure applied is as solid manure. Residential houses with individual wastewater outlets and treatment systems are scattered throughout the catchment.
Water Sampling and Nutrient Export from the Catchments
Water flow from the drainage system (11M) and the stream (M36) in the study period was recorded continuously with a datalogger guided by a displacement body at a V-notch weir. This replaced a system with a mechanical limnograph and float in 2009 (11M) Water samples were analyzed for total N, NO 3 -N, total P (TP), DRP, suspended solids, and total organic C at an accredited laboratory, using procedures for filtration and chemical analysis described by Ulén et al. (2014) . "Other P" was estimated as the difference between TP and DRP. Particulate P, calculated as the difference between TP before and after filtration, was not analyzed in catchment 11M, since estimated particulate P was found to make up >90% of "other P" in earlier monitoring (data not shown). Phosphorus transport from fine-textured soils is known to be substantially lower when based on manual sampling, rather than flow-proportional sampling (Ulén and Persson, 1999) . Since the ratio of P transport from fine-textured soils based on manual vs. flow-proportional sampling was found to vary more between years than between catchments, export of TP, DRP, and other P from catchment 11M was recalculated, assuming the same proportions as from catchment M36, for each of five agrohydrological years (2004) (2005) (2006) (2007) (2008) (2009) ).
Statistical Analysis
Linear regression with adjusted coefficient r 2 adj (Minitab Statistical Software) and probability (p) of correlation between NAO i and climate parameters was performed for meteorological winters and winter leaching periods, and between NAO i and nutrient leaching both for winter (November-April) leaching periods and for agrohydrological ( July-June) years.
Results and Discussion
Long-term (1950-2016) North Atlantic Oscillation Index, Temperature, and Precipitation in Winter Leaching Seasons
There were significant positive long-term linear regressions between NAO i and both temperature (Barkåkra) and precipitation (Klippan) in 1950 to 2012. North Atlantic Oscillation does not generally show periodicity, but both relationships were more robust for 8-yr moving averages (r 2 adj = 0.50 and 0.24, respectively) than for nonmoving data (r 2 adj = 0.44 and 0.18, respectively) (Fig. 2a and 2b) . There was also a significant positive linear regression between temperature and precipitation, with less precipitation in colder than in warmer winters. In later years 
Recent (2004-2016) North Atlantic Oscillation Index, Snow Accumulation, and Frozen Soil in Meteorological Winters
The meteorological winter, when frozen soil and snow accumulation may occur, was generally >2 mo shorter than the winter leaching period (November-April). On average, the meteorological winter was also 28 d shorter in southernmost Scania (Lund) than in central-east Sweden (Uppsala). There were significant (p < 0.05) positive linear relationships between NAO i and AFT i at all seven meteorological stations (Table 2 ). There were also significant negative linear relationships between NAO i and snow depth index at all sites, with more snow accumulation when NAO i was low. Hence NAO may have an impact on snowmelt processes. However, there was no significant relationship between NAO i and precipitation in meteorological winters. At all sites, snow cover was deepest in 2009-2010 and 2010-2011 (NAO i = −1.5 and −0.7, respectively, in meteorological winters). In northwestern Scania county (Munka-Ljungby), mean snow depth was 11.6 cm in 2009-2010. That winter was characterized by a limited number of freezing-thawing cycles and by minor frozen soil at Såtenäs and Uppsala (Supplemental Table S2 ). The soil was completely unfrozen during major snowmelt in late March. In the following winter, with similar low AFT i but with more freezing-thawing events at all three sites, the snow cover seemed not to protect the soil, which was frozen down to subsoil depth (−25 cm) even after snowmelt ended at Såtenäs and Uppsala.
Agricultural Management in Monitored Catchments, 2004 to 2016
Soil surface P balance was close to zero until 2013 in catchment 11M. Thereafter, cultivation intensified with increased mineral fertilization, resulting in surplus soil P. The central field with a ravine (6.6 ha), which had been managed as permanent unfertilized and unmown fallow since 2002, was fertilized with P and N in 2011 and 2013, and some grass was removed in these 2 yr. On 4 Aug. 2014, the field was treated with glyphosate and grass and weeds were plowed down 17 d later, without any preceding stubble cultivation. After a winter with bare soil, an oat crop with in-sown ley was established.
In catchment M36, the proportions of fallow, grazed pasture, and grazed or nongrazed ley remained relatively constant from 2005 to 2016 (Supplemental Fig. S1a ), but multiyear leys became rarer in recent years. This did not affect the area plowed annually (data not shown). The area of winter-sown cereals and winter rape varied annually (Supplemental Fig. S1b ), but there was no significant change in the total area plowed. In the earlier period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) , the rate of P applied as manure was reduced by 20%, which was accompanied by a downward trend in TP concentration in water (Ulén et al., 2004) . Singlehousehold wastewater outlets were also improved (Kyllmar et al., 2014) . Within the study period (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) , there were no major changes in mineral fertilizer or solid manure application, and the contribution from single-household wastewater outlets was relatively constant. The number of animal farms decreased, but one dairy farm intensified its production, and the number of livestock units remained constant. The amount of P applied as pig slurry decreased, but the amount applied as cattle slurry increased correspondingly. In summary, agricultural pressure on catchment M36 was relatively steady over time, with no clear trends in the study period. Table S1 ). Catchment 11M had an interior buffer of unfertilized fallow, but in August 2009, another field of ley (3 ha) on sloping land was herbicide treated before plowing down, which was followed by elevated concentrations of DRP (Fig. 3a) . Thus, agricultural practices had an impact on DRP concentrations from catchment 11M (e.g., spraying glyphosate in August to terminate ley impaired water quality).
Nutrient Concentration in Water in Three Consecutive Years with Low Winter North Atlantic Oscillation Index
Observed DRP concentrations in snowmelt in March 2010 and 2011 (0.11-0.12 mg L −1 ) were double those in the rest of winter (mean = 0.055 mg L −1 ). This might have been caused by acid snowmelt water releasing hydrophosphate ions from divalent soil minerals (Turtola, 1999) . Direct freezing of crop and weed material can also elevate P concentrations (Bechmann et al., 2005) . "Other P" was the main P constituent and enhanced concentrations were observed after plowing the ley in August 2009 (Fig. 3b) . In March 2010, when the meteorological winter ended, the soil still had a thick snow cover. Water transport during snowmelt was probably a gentle process through unfrozen soil. The concentration of other P was moderate, but increased after soil tillage and seed preparation in late spring 2010. High concentrations appeared during peak flow in November 2010, when the meteorological winter started. This was probably caused by heavy rain (17 mm on 18 November) falling on recently frozen soil, conditions posing a high risk of erosion (Lundekvam, 1990) . In the same period, high concentrations of other P were recorded in catchment M36 (Supplemental Fig. S2 ). The finding that frozen soil status was a crucial factor, besides rainfall, influencing erosion and P losses during snowmelt is in line with conclusions in a Canadian study on two agricultural catchments (Su et al., 2011) . Enhanced concentrations of NO 3 -N appeared twice after application of cattle slurry to several fields (May-June 2009 and April-May 2010) and one after mineral fertilizer application (April 2011) to all fields in catchment 11M (Fig. 3c) . In contrast, there were no recorded distinct peaks in DRP or NO 3 -N concentrations from catchment M36 (Supplemental Fig. S2 ).
Nutrient Concentration in Water in Three Consecutive Years with High Winter North Atlantic Oscillation Index
The three consecutive winters from 2012 to 2016 were warm. In particular, 2013-2014 had high mean NAO i (NovemberApril) and was exceptionally warm (mean temperature ~5°C), with the meteorological winter lasting just 28 d. Slurry was applied in October 2013 and August 2015 to some fields in catchment 11M, and both events were followed by elevated DRP concentrations (up to 0.5 mg L −1 ) (Fig. 4a) . The concentration of other P became extremely high (>2 mg L −1 ) after plowing the interior fallow buffer, and elevated concentrations were recorded throughout autumn and winter 2014-2015 (Fig. 4b ). There were minor peaks in the concentration of other P during heavy rain events (5 Dec. 2013 and 20 Feb. 2016) in catchment 11M, and also in catchment M36 (Supplemental Fig. S3 ), and air temperature data indicated that a thin layer of topsoil may have been frozen. Elevated NO 3 -N concentrations were recorded in catchment 11M in periods with low water flow (Fig. 4c ) but contributed only slightly to total yearly N export. The first peak in NO 3 -N occurred during application of mineral N fertilizer to all five fields in March 2014, whereas the second and third peaks occurred long after fertilization and probably emanated from mineral N in the soil. However, catchment M36 exhibited only slightly elevated nutrient concentrations, mainly for other P. 
Water Flow and Nutrient Export from Two Catchments
Most P export from both catchments presumably took place in mineral form, attached to soil particles, and the ratio of total organic C to suspended solids was very low (0.03 and 0.12 for catchment 11M and M36, respectively) . Most N export also occurred as NO 3 -N, with a minor part as organic N (Table 3) . The mini-catchment 11M, with its high water flow flashiness, had especially high export of TP and other P and high erosion (Table 3) . Transport of P in soil particles in tile drains in this type of silty soil can occur quickly (Lundekvam and Skøien, 1998) . Phosphorus export was nearly as high from catchment M36, but water flow showed less flashiness, possibly because the large central lowland area moderated the fluctuation through more contribution from baseflow than in mini-catchment 11M. Moreover, less water might have been in contact with the biologically most active topsoil in catchment 11M, which could explain the lower DRP and NO 3 -N export than from catchment M36, with its generally longer residence time for water in the soil. However, the contribution from the sandy parts of catchment M36 was probably more important, as nutrient-demanding potatoes (Solanum tuberosum L.) and vegetables receiving much manure and fertilizers were grown there, which may have substantially increased DRP and NO 3 -N transport. Furthermore, single-household wastewater is known to contribute significant DRP. In a catchment with 10 persons km −2 living in scattered households, this input has been estimated to contribute 15% of yearly DRP export (equal to 10% of yearly TP export) based on monitored low-flow P concentrations in the stream (Ulén et al., 2015) . In the here studied catchment M36, with 35 persons km −2 , this source should also be significant even if improvements to household outlets were made before 2004.
North Atlantic Oscillation Index, Climate, Water Discharge, and Nutrient Leaching
The values of NAO i (November-April) were significantly positively related to temperature (Barkåkra) and precipitation (Klippan) in 2004 to 2016 (p = 0.025 and 0.004, respectively) in the catchment region. North Atlantic Oscillation was also positively related to water discharge (p = 0.039), but suspended solids (SS), total N (TN), NO 3 -N,  organic N (OrgN), and total organic C (TOC) only significantly when discharge in 2006 -2007 was treated as an outlier. Precipitation was unusually high in that winter, which was followed by stronger upwelling of groundwater in the discharge area of catchment M36 than in other years. In the more eastern Baltic Sea area, no longterm relationship at all has been found between NAO i and water flow in large rivers (Shorthouse and Arnell, 1999) . One explanation could be that precipitation and temperature there are related to the Arctic Oscillation ( Jevreva et al., 2003) , another atmospheric circulation pattern (Thompson and Wallace, 1998 ).
The two catchments exhibited similar responses in terms of TP and total N exports to climate perturbations indicated by NAO i (Fig. 5) . Similar results were also obtained when the relationships were estimated with a leaching period restricted to November through April. Total P export from catchment 11M in the agrohydrological year 2014-2015 was excluded, since it responded strongly to the interior buffer being plowed down. Years with high snowpack depth and water flow from snowmelt did not result in high losses of eroded P, measured as other P and particulate P. In contrast, DRP export was not related to NAO i . The relationships obtained for P suggest that NAO i may be appropriate for use in trend analyses of water quality and nutrient load at the Swedish west coast (Table 3) , but the relationships were not strong enough to directly replace temperature in models, since a r 2 >0.65 is essential for statistically meaningful regression (Bryhn and Dimberg, 2011) .
Nitrate export was probably influenced by NAO through temperature-regulating processes in the soil, especially mineralization. For example, export of NO 3 N and organic N is reported to be related to NAO for Welsh rivers (Ness et al., 2004) . However, the relationship with NO 3 -N leaching found here for catchment 11M was weak. Since rapid N mineralization is known to occur in autumn (Djurhuus and Olsen, 1997) , before the winter NAO i period of November through April, the index may have less value as a predictor for N leaching after early autumn plowing.
A better understanding of hydrological responses related to atmospheric circulation is required for sustainable nutrient planning and management in agriculture, which should include more eastern regions. In the Baltic Sea area, an index that includes the Arctic Oscillation might be needed, not only for detecting trends in runoff ( Jaagus et al., 2017) , but also for identifying changes in snow hydrological processes (Irannezhad et al., 2015) . Specific issues requiring research are how erosion is related to snowmelt and local frozen soil in drained agriculture areas and whether intensive rain events on recently frozen soil surfaces and warmer winters with less snow cover will become more frequent in the future climate.
Supplemental Material
The supplemental material contains information about incorporation of crop residues and slurry in catchment 11M; means of freezing index, thawing index, and snow depth at two locations; areas of leys and grain crops in both catchments; and concentrations of DRP, other P, and NO 3 -N in years with low NAO i in catchment M36.
